The potential of a tumor cell to metastasize profoundly depends on its microenvironment, or "niche" interactions with local components. Tumor-associated-macrophages (TAMs) are the most abundant subpopulation of tumor stroma and represent a key component of tumor microenvironment. The dynamic interaction of cancer cells with neighboring TAMs actively drive cancer progression and metastatic transformation through intercellular signaling networks that need better elucidation. Thus, current study was planned for discerning paracrine communication networks operational between TAMs, and breast cancer cells with special reference to cancer cell invasion and dissemination to distant sites. Here, we report role of MIP-1b in enhancing invasive potential of metastatic breast cancer MDA-MB-231 and MDA-MB-468 cells. In addition, the poorly metastatic MCF-7 cells were also rendered invasive by MIP1b. The MIP-1b-driven cancer cell invasion was dependent on upregulated expression levels of MYO3A gene, which encodes an unconventional myosin super-family protein harboring a kinase domain. Ex ovo study employing Chick-embryo-model and in vivo Syngenic 4T1/BALB/c mice-model further corroborated aforementioned in vitro findings, thereby substantiating their physiological relevance. Concordantly, human breast cancer specimen exhibited significant association between mRNA expression levels of MIP1b and MYO3A. Both, MIP-1b and MYO3A exhibited positive correlation with MMP9, an established molecular determinant of cancer cell invasion. Higher expression of these genes correlated with poor survival of breast cancer patients. Collectively, these results point toward so far undisclosed MIP-1b/ MYO3A axis being operational during metastasis, wherein macrophage-derived MIP-1b potentiated cancer cell invasion and metastasis via up regulation of MYO3A gene within cancer cells. Our study exposes opportunities for devising potential anti-metastatic strategies for efficient clinical management of breast cancer.
Introduction
Accounting for 90% of breast-cancer-related deaths, the distant metastasis remains a major cause of breast-cancerrelated deaths and poses a serious health hazard. 1 Owing to poor knowledge regarding biology of metastasis, the clinical intervention becomes extremely challenging making metastatic cancer largely incurable. 2 A better understanding of the molecular determinants that regulate onset and progression of metastasis may provide basis for development of targeted therapeutic regimen against metastatic cancer, and result in identification of potential diagnostic and prognostic markers for tracking disease progression. 3 So far, the majority of the research toward developing an insight about cancer metastasis has remained focused on malignant epithelial cells. However, the more recent studies demonstrate that potential of a tumor cell to metastasize depends, to a great extent, on its microenvironment or "niche" interactions with local factors/components. 4 The complex tumor microenvironment is comprised of not only an expanding population of transformed epithelial cells, but it also includes other non-cancer cells such as smooth muscle cells, fibroblasts and macrophages. 5 Collectively, these cells are termed as stromal cells and they play a crucial role during cancer progression. 6 The dynamic interactions between tumor cells and the surrounding stromal cells actively promote cancer progression as well as response to therapy by contributing toward tumor-neovasculogenesis, metastatic transformation and drug resistance by driving reparative mechanisms. 7, 8 Tumor-associated macrophages (TAMs) represent the most abundant subpopulation of these non-cancer stromal cells. 5, 9 Although, cytotoxicity of macrophages during the early immune response contributes to tumor killing, in most solid tumors, macrophages inversely affect prognosis by promoting angiogenesis, potentiating tissue remodeling, imparting invasive properties to cancer cells and thereby rendering them metastatic. 10 In order to metastasize, cancer cells of epithelial origin need to acquire features which would enable them to (i) degrade the basal membrane and disseminate from primary site, (ii) invade neighboring tissue, intravasate into blood or lymph vessels (iii) extravasate from vessels into distant organs (iv) colonize and thrive in distant tissue to create secondary tumor(s). 11 TAMs have been reported to facilitate all the above key steps of cancer metastasis through paracrine signaling networks. At primary tumor site, TAMs promote cancer cell dissemination via upregulation of matrix metalloproteases, resulting in enhanced ECM degradation and cancer cell invasion into neighboring tissue. TAMs facilitate cancer cell intravasation by promoting endothelial cell migration resulting in enhanced angiogenesis. At distant metastatic site, TAMs promote cancer cell extravasation, seeding and persistent growth of tumor cells. 12 Although TAMs are important components of tumor stroma and have an established role in promoting metastasis, 13 the intercellular paracrine signals that mediate direct crosstalk between TAMs and tumor cells during metastasis need better elucidation. Furthermore, the ensuing molecular events within tumors cells that eventually impart them an ability to invade surrounding tissue and disseminate from primary site during metastasis are poorly understood. In view of this, the current study was planned to elucidate paracrine communication networks operational between TAMs and malignant epithelial cell with special reference to cancer cell invasion and dissemination during metastasis. Here, we report that MIP-1b secreted from macrophages augmented invasiveness and motility of breast cancer cells. Furthermore, we show that MIP-1b-driven cancer cell invasion and metastasis is MYO3A dependent. MIP-1b is a member of chemokine b subgroup of chemokine superfamily with an established role as chemoattractant for macrophages. 14 Here, we report a previously undisclosed role for MIP-1b as a mediator of TAMs-assisted metastasis. MYO3A is a myosin family gene that is expressed primarily in retina and cochlea and functionally involved in hearing. 15 Our studies reveal a possible new function of MYO3A during cancer metastasis. Collectively, this so-far undisclosed MIP-1b-MYO3A pathway is likely to play a biologically relevant role in cancer metastasis and thus may have possible utility as a diagnostic marker for detecting metastasis at an early stage. It may have potential usage during clinical management of breast cancer as a prognostic marker for tracking progression of breast cancer toward metastasis.
Results
Presence of macrophages correlated with increased invadopodia formation and intensified focal degradation of matrix by invasive breast adenocarcinoma MDA-MB-231 and MDA-MB-468 cells One of the earliest hallmarks of cancer cell invasion and metastasis is the biogenesis of specialized membrane protrusions called Invadopodia. 16 Richly endowed with matrix-degrading activities, these specialized membrane protrusions allow cancer cells to proteolytically degrade extracellular matrix and thus migrate through the three-dimensional interstitial collagen networks. 17 Since the focal degradation of extracellular matrix by invadopodia represents the beginning of the process of metastasis, we first set out to study the effect of macrophages on ability of MDA-MB-231 and MDA-MB-468 cancer cells to degrade pericellular matrix through enhanced invadopodia formation. Results revealed that compared to monocultured MDA-MB-231 and MDA-MB-468 cancer cells, the ones that were co-cultured with macrophages exhibited enhanced focal degradation of pericellular matrix ( Fig. 1A and B) in a timedependent manner, detectable dark foci of degradation occurred at as early as 3 h time point, exhibiting an incremental change further upto 6 h and 24 h (Figs. S1 and 3).
Cortactin, an actin nucleation-promoting factor has recently emerged not only as crucial regulator of actin cytoskeleton dynamics, but also a key player in aggressive cancers. 18, 19 It has a central role in the development and maturation of invadopodia. 20 The formation of actin-rich puncta called 'invadopodia precursors' requires recruitment of cortactin. 21, 22 Consistent with this, cancer cells that were co cultured with macrophages exhibited enhanced localization of cortactin to peripheral cellular structures ( Fig. 2A and B) , overlying foci of matrix degradation i.e. dark areas of degraded fluorescent matrix underneath that cell (Figs. S2 and 4) indicating for enhanced formation of functional invadopodia by cancer cells in presence of macrophages.
Presence of macrophages correlated with increased cancer cell invasion by breast adenocarcinoma MDA-MB-231 and MDA-MB-468 cells Having established that key attributes for cancer cell invasion viz. focal degradation of pericellular matrix were intensified in presence of macrophages, we next studied if proximity to macrophages would eventually also culminate into enhanced local invasion by cancer cell. Matrigel invasion assay revealed that co-cultured cancer cells exhibited enhanced invasive potential ( Fig. 2D and E) . Collectively, these results indicated that cancer cells exhibited intensified focal degradation in response to incubation with macrophages, which eventually culminated into enhanced invasive potential.
Presence of macrophages correlated with acquisition of invasive potential by non-invasive breast adenocarcinoma MCF-7 cells
Having established that macrophages augment matrix protrusive and invasive potential of invasive breast cancer cells, we next decided to evaluate the effect of macrophages on poorly invasive breast cancer MCF-7 cells vis a vis attributes indicative of cancer cell invasion. Results revealed that compared to monocultured MCF-7 cancer cells, the co-cultured cancer cells exhibited enhanced focal degradation of pericellular matrix in a time-dependent manner ( Fig. 1C and Fig. S5 ). Consistent with this, MCF-7 breast cancer cells that were incubated with macrophages exhibited enhanced redistribution of cortactin to peripheral cellular structures overlying foci of matrix degradation ( Fig. 2C and Fig. S6 ), thereby confirming the formation of functionally intact invadopodia. Furthermore, co-cultured MCF-7 cancer cells exhibited enhanced invasion through matrigel (Fig. 2F ) after 24 h. These results showed that poorly invasive MCF-7 cells were rendered invasive by macrophages.
Genesis of matrix protrusive activity within cancer cells coincided with enhanced secretion of MIP-1b, primarily from macrophages
In order to identify the key mediators of macrophageassisted invadopodia biogenesis and cancer cell invasion, culture supernatant from cancer cell/macrophage co-culture and monocultures of either cell types were profiled for secreted cytokines using antibody-based human cytokine protein membrane array. Results revealed that compared to culture supernatant from monocultures of either cell type, the co-culture supernatant exhibited elevated levels of MCP-1, TIMP-1, MCSF, MIP1-b, I-309, ENA-78, and GCP-2 (Fig. S7A ). These marked alterations in secretome were further validated using Quantitative-RTPCR (q-PCR) analysis with an additional aim to decipher the possible source of each of these mediators. Q-RTPCR analysis indicated that possible source of I-309, ENA-78 and GCP-2 could be cancer cells, as mRNA expression levels of these cytokines were primarily upregulated in cancer cells. On the other hand, the macrophages exhibited an upregulated mRNA expression level of MCP-1, TIMP-1, MCSF, and MIP-1b, thereby indicating macrophages as primary source of release of these cytokines (Fig. S7B ). Since we aimed at deciphering macrophage-derived mediators of cancer cell invasion and metastasis, we focused on MCP-1, TIMP-1, MCSF, and MIP-1b. Closer inspection of q-RTPCR data revealed that while all the four cytokines showed marked upregulation in MDA-MB-231 cells after 24 h of co-culture, the most prominent upregulation was that in the level of MIP-1b. Interestingly, at 6 h time point while MIP-1b mRNA expression levels were upregulated, the levels of other cytokines remained much lesser. Since considerable matrix protrusive activity was also observed at 6 h time point (Figs. S1, 3 and 5) and with regards to this, only MIP-1b mRNA levels were elevated. Thus, a key role of MIP-1b was hypothesized. A closer look at MCF-7 cell cytokine profiling data strengthened the above possibility.
Results revealed that at 6 h time point, when the matrix protrusive activity was minimal, MIP-1b levels were much lower than the levels at 24 h time point where there was exhibition of significant matrix protrusive activity by MCF-7 cells (Fig. S5 ), which were otherwise non-invasive and had minimal matrix protrusive activity. In light of consistent presence of MIP-1b in particular experimental setting that culminated in significant matrix protrusion by cancer cells, we hypothesized that MIP-1b could be one of the key mediators employed by macrophages for rendering cancer cell invasive.
Blockade of MIP-1b action minimized the pro-metastatic effect of macrophages In order to ascertain above the role of MIP-1b possibility in metastasis, the effect of MIP-1b blockade was studied in matrix degradation and invasive potential of cancer cells. Blockade of MIP-1b using anti-human MIP-1b goat IgG polyclonal antibody (0.8 ug/uL) impeded the pericellular matrix degradation and compromised invasive potential of MDA-MB-231, MDA-MB-468 and MCF-7 cancer cells even in the presence of macrophages ( Fig. 3A and B, Fig. S8 ). Marked inhibition of matrix degradation and cancer cell invasion in presence of MIP-1b-neutralizing antibody indicated for critical role of MIP-1b in macrophage-assisted cancer cell invasion and metastasis. In agreement with this addition of recombinant MIP-1b (0.2 ug/ uL) resulted in enhanced matrix degradation by monocultured cancer cells with a concurrent increase in invasion through matrigel (Fig. 3A and B, Fig. S8 ). Secreted MIP-1b exerts its effects via its cognate receptor CCR5. 23 Additionaly, fewer reports indicate an interaction of MIP-1b with CCR4 as well. 24 Therefore, to further confirm the role of MIP-1b as one of the key mediators of macrophage-assisted cancer cell invasion, MIP-1b function was impeded by knocking down cognate receptors within breast cancer cell prior to co-culturing them with THP-1-derived macrophages. The corresponding cancer cells that were transfected with scrambled RNA served as control. As expected, the control cells exhibited enhanced matrix degradation after an incubation of 24 h with THP-1-derived macrophages. However, upon silencing the cognate receptors, the extent of matrix degradation by cancer cells was markedly impeded even in the presence of macrophages. Similarly, CCR5 Blockade of MIP-1b function minimized ex ovo dissemination of co-cultured cancer cells from chick chorioallantoic membrane to chick brain In vitro observations were further validated using ex ovo chick chorioallantoic membrane assay for metastasis. Results revealed that compared to monocultured MCF-7 and MDA-MB-231 breast cancer cells, the co-cultured cancer cells exhibited enhanced dissemination from the graft site i.e., chorioallantoic membrane to brain of chick embryo as evidenced by presence of relatively larger sized fluorescent foci in greater numbers in chick brain. Addition of MIP-1b-neutralizing antibody during co-culture and thereafter at graft site resulted in appearance of smaller sized fluorescent foci in fewer numbers with in the brain of chick embryo, indicating impeded dissemination of cancer cells from CAM to brain ( Fig. 5A and B ). These ex ovo findings substantiated the role of MIP-1b in promoting cancer cell invasion and metastasis, particularly in the capacity of a paracrine signaling mediator originating from proximate macrophages.
MYO3A serves as a key cancer cell intrinsic effector for macrophage-assisted cancer cell invasion via MIP-1b
While TAMs may have a decisive role during metastasis, 25 the tumor-intrinsic molecular determinants are still essential for metastasis and thus remain key effector for cancer cell invasion and dissemination. Having established an involvement of MIP1b in macrophage-assisted cancer cell invasion, we next set out to identify the tumor-intrinsic molecular determinants through which macrophage-derived MIP-1b might potentiate invasive property of cancer cells. Comparision of whole genome microarray analysis (GSE36047) revealed that mRNA expression levels of five genes viz. HGF, SIGLEC8, MYO3A, HLA-DBRS, and PRKY were markedly upregulated in cancer cells following their incubation with macrophages (24 h). The microarray data was further validated through q-RT-PCR analysis. Interestingly, one particular gene viz. MYO3A showed most robust Fig. 6A-C) . Thus, we hypothesized that MYO3A could be a potential key molecular determinant intrinsic to cancer cell for MIP-1b-induced cancer cell invasion and metastasis. In order to address this question, the effect of MIP1b blockade/addition on the mRNA expression levels of MYO3A and other candidate genes was evaluated. Results revealed that MYO3A exhibited a characteristic MIP-1b-responsive exprerssion pattern. While neutralizing antibodymediated MIP-1b blockade (0.8 ug/uL) downregulated the macrophage-induced upregulation of all the five traget genes in cancer cells, addition of recombinant MIP-1b (0.2 ug/mL) to cancer cells elicited robust upregulation of only MYO3A gene in cancer cells (Fig. 6D-F) indicating that MYO3A expression levels were regulated by MIP-1b. In agreement with this, functional blockade of MIP-1b through (i) neutralizing antibody treatment (ii) cognate receptor knockdown resulted in downregulation of MYO3A expression levels ( Fig. 6G and H) . These obsrvations substantiated expression of MYO3A being dependent on MIP-1b and pointed toward potential role of MYO3A as intrinsic determinant through which MIP-1b could enhance an invasiveness of cancer cells. In order to ascertain this, the effect of MYO3A knockdown was evaluated. Results revealed that targeting MYO3A expression levels using MYO3A-directed siRNA impaired the matrix protrusive activity of cancer cells. MYO3A knockdown abrogated pericellular matrix degradation and invasion by cancer cells despite being co-cultured with macrophages ( Fig. 7A and B, Fig. S10 ).To further substantiate the involvement of MYO3A for MIP-1b-induced cancer cell invasion, effect of MYO3A knockdown was evaluated in absence or presence of recombinant MIP-1b. As expected, compared to RNAi control cells (scrambled cells), MYO3A-silenced cells exhibited markedly diminished pericellular matrix degradation and invasion (Fig. 8, Fig. S11 ).These results confirmed the role of MYO3A as a key molecular determinant for cancer cell invasion partucularly in response to MIP-1b.
In vivo blockade of MIP-1b resulted in regressed 4T1 primary tumor volume, downregulated MYO3A and MMP-9 gene expression levels and impeded distant tissue metastasis to lungs and liver Further confirmation of above findings was done in syngenic 4T1/BALB/c in vivo mouse model of breast cancer. Because the model is syngenic in BALB/c mice, and employs animals that have functionally intact immune system, it allows for studying the role of immune system in tumor progression. The antimouse MIP-1b goat IgG polyclonal antibody-treated 4T1 tumors exhibited significantly downregulated expression levels of MYO3A gene (Fig. 9A ). Matrix metalloproteinases (MMPs) are regarded as one of the key molecular determinants that actively promote cancer cell invasion by way of carrying ECM degradation. [26] [27] [28] [29] As an indirect measure of invasive index, the mRNA expression levels of MMP-9 gene were assessed, which were significantly downregulated (Fig. 9B ) in response to antimouse MIP-1b goat IgG polyclonal antibody. Collectively, these results indicated that in vivo blockade of MIP-1b downregulated the MYO3A expression and prevented 4T1 cells from acquiring an invasive potential. To validate these findings, distant tissue metastasis was evaluated as a direct measure of invasive potential. Metastasis occurs in 4T1/BLAB/c mouse model approximately at day 24th post grafting. Therefore, the remaining five mice/group were continued with the treatment upto day 26th. Tumor volume analysis revealed considerable regression following treatment with MIP-1b-neutralizing antibody (Fig. S12) . As expected, the mock control BALB/c mice that were not inoculated with 4T1 cells exhbited uniform tissue architecture, while the tumor vehicle control 4T1/BALB/c mouse that were inoculated with 4T1 cells exhibited increased cellular burden in lungs and perivascular areas of liver (Fig. 9C) . As compared to vehicle control or isotype controlantibody treated 4T1/BALB/c mouse model, the MIP-1b-neutralizing anibody-treated 4T1/BALB/c mouse model exhibited diminished cellular burden in lungs and liver at day 26th post grafting. Taken together, our in vivo data corroborated the findings of in vitro studies and substantiated the involvement of MIP-1b during cancer cell invasion and metastasis.
In vivo knockdown of MYO3A expression in 4T1/BALB/c tumors resulted in diminished metastasis to lungs and liver
To further provide direct evidence that MYO3A is critical for distant cancer metastasis, in vivo knockdown of MYO3A expression by Avalanche in vivo transfection reagent was evaluated in 4T1/BALB/c tumor intratumorally, followed by H&E staining to detecting distant metastasis. MYO3A knockdown was ascertained by immunohistochemistry (IHC) and protein gel blot ( Fig. 10A and B) . As expected, the mock control i.e. BALB/c mice that were not inoculated with 4T1 cells exhbited uniform tissue architecture, while 4T1/BALB/c mouse exhibited increased cellular burden in lungs and perivascular areas of liver (Fig. 10C) ; as compared to scrambled 4T1/BALB/c mouse, the MYO3A knockdown 4T1/BALB/c mouse model resulted in diminished cellular burden in lungs and liver at day 26th post grafting. Taken together, our in vivo data corroborated the findings of in vitro studies and substantiated the involvement of MYO3A during cancer cell invasion and metastasis. For clinical validation of our findings, the association between MIP-1b and MYO3A was studied in 50 breast cancer patients. (Their demographic, clinicopathological, hormone receptors and fold expression (DDCt) of genes in the selected 50 patients are summarized in Fig. S13 . The mean fold expression of MYO3A and MIP-1b showed 19 and 25 times over expression in cancer specimen as compared to matched normal tissue. Furthermore, frequency distribution showed significant associations between the MIP-1b and MYO3A (p < 0.001). The correlation analysis also revealed a significant and direct correlation between MIP-1b and MYO3A (r D 0.90; p < 0.001) (Fig. 11A ). Since our in vitro and in vivo findings pointed toward role of MIP-1b and MYO3A in cancer cell invasion, we decided to extend these observations to human breast cancer specimen. Attempt was made to study the correlation of MIP1b and MYO3A with markers of cancer cell invasion. MMP-9 mRNA expression levels were assessed as an indirect measure of invasive potential and attempt was made to study its association with MIP-1b and MYO3A mRNA expression level. MMP-9 mRNA expression level exhibited 22-fold overexpression in breast cancer specimen as compared to matched normal tissue. Frequency distribution showed significant associations of MMP-9 mRNA expression levels with MIP-1b as well as MYO3A (MIP-1b vs. MMP-9, p D 0.0111; MYO3A vs. MMP-9, p < 0.001) (Fig. S14A) . The correlation analysis also revealed a significant and direct association of MMP-9 with these key variables (MIP-1b and MMP-9, r D 0.78, p < 0.001; MYO3A and MMP-9, r D 0.69, p <0.001) (Fig. 11B) , thereby substantiating potential involvement in cancer cell invasion.
Overall survival
Cancer cell invasion and subsequent distant metastases is the major cause of 90% of breast-cancer-related deaths. Owing to strong correlation of metastasis with diminished survival of breast cancer patients and significant association of MYO3A and MIP1b with cancer cell invasion emerging in our study, we studied association of these two variables with overall survival. Survival analysis is summarized graphically in Fig. 11C and Fig. S14B . During the 4-y follow-up period, 9 (18.0%) patients died due to disease and 41 (82.0%) were alive (alive D 28, lost to follow-up D 13). The Logrank test showed significant association of MYO3A expression with overall survival. The patient with high expression (DDCt >15) had lower survival as compared to patient with low expression (DDCt 15) (Logrank test: x2 D 4.52, p D 0.034; Hazard ratio: ratio D 0.22, 95% CID0.06 to 0.89). MIP-1b mRNA expression levels did not (p > 0.05) correlate well with survivals, though patients with high expression exhibited poor survival.
Discussion
Macrophages are the most abundant subpopulations of immune cells infiltrating into tumor microenvironment. They exhibit tremendous degree of plasticity. Taking cue from the tissue microenvironment, they undergo phenotype switching to acquire functionally distinct phenotype viz. classically activated M1 polarized or alternatively activated M2 polarized phenotype. 30, 31 M1 macrophages possess strong antigen-presenting property and affect microbicidal and tumoricidal feedback by (a) generating proinflammatory mediators such as nitric oxide, ROS and (b) inducing Th1 immunity by cytokine production such as IL-12 and IL-23. M2 macrophages have poor antigenpresenting efficiency. They effectively abolish T cell activation and exhibit less or no cytotoxicity for tumor cells because of their limited capacity to produce NO and proinflammatory cytokines. Rather they exhibit pro-tumor functions such as promoting tumor neo-angiogenesis, metastasis and tissue remodeling. 8 Although both the subtypes of macrophages (M1/M2 phenotype) have been observed in tumor microenvironment but the majority of TAMs exhibit M2 specific attributes as directed by tumor microenvironmental cues. 32, 33 Cancer cells stimulate macrophages to acquire predominantly M2 polarized phenotype (Fig. S16 ) and derive vital growth support from these pro-tumoral macrophages for surviving in the hostile tumor microenvironment. 5, 33 While role of M2-polarized macrophages/TAMs in cancer cell invasion and metastasis is established, 34 the substratal intercellular communication networks, particularly those accountable for initiation and onset of metastasis, need better characterization. Here, we demonstrate that TAMs-derived MIP-1b not only markedly enhanced the invasive potential of metastatic breast cancer MDA-MB-231 and MDA-MB-468 cells, but the poorly metastatic breast cancer cells MCF-7 were also rendered invasive by MIP-1b. Furthermore, through the microarray and real-time PCR-based mRNA expression analysis, we demonstrated that that MIP1b-driven cancer cell invasion and metastasis is dependent on MYO3A gene (Fig. 12) .
In view of an emerging crucial role of invadopodia in cancer cell invasion and onset of metastasis, 35 we set out to determine if TAMs may promote invadopodia formation by cancer cells. Using ECM degradation assay in conjunction with cortactin localization assay, we successfully demonstrate enhanced formation of functionally intact invadopodia by metastatic breast cancer MDA-MB-231 and MDA-MB-468 cells. A follow-up on invasive potential was carried out using matrigel transmigration assay and results validated the findings of ECM degradation assay. Interestingly, while metastatic breast cancer cells MDA-MB-231 and MDA-MB-468 exhibited enhanced invasive potential, the non-metastatic breast cancer MCF-7 cells were also rendered invasive by the presence of macrophages, thereby implicating macrophages in earlier stages of metastatic transformation.
Having established that proximity to macrophages not only increases invasive potential of breast cancer cells, but also imparts an invasive phenotype to otherwise poorly metastatic breast cancer cells, we next set out to decipher the intercellular mediators of TAMs-assisted cancer cell invasion and dissemination. Collective analysis of the cytokine profile of respective culture supernatants in conjunction with mRNA expression levels of selected cytokines in monocultured vs. co-cultured cancer cells and macrophages pointed toward MIP-1b as one of the key mediators of macrophage-assisted cancer cell invasion. Subsequent neutralizing antibody and cognate receptor knockdown studies strengthened our conclusion. Results of ex ovo CAM assay for metastasis further validated the role of MIP-1b in TAMs-assisted metastasis. The physiological relevance of these observations was substantiated by in vivo studies conducted on 4T1/BALB/c mice model of metastasis, wherein functional blockade of MIP-1b by injecting MIP-1b-neutralizing antibody intratumorally not only resulted in tumor regression, but also resulted in diminished intra-tumoral mRNA expression levels of MMP-9, a vital molecular tool for cancer cell invasion indicating that MIP-1b blockade could possibly minimize the in vivo invasive and metastatic potential of cancer cells. Blockade of MIP-1b function resulted in reduced cellular Figure 12 . Schematic representation of the study. Macrophages-derived cytokine MIP-1b enhances the expression of MYO3A in cancer cells that markedly increase ECM degradation and invasive potential of breast cancer cells. These cascade of events culminate into distant metastasis (Fig. 12) .
burden within lungs and perivascular regions in liver of BALB/ c female mice, thereby substantiating the role of MIP-1b in cancer cell invasion and metastasis. Interestingly, in the human breast cancer specimen, the fold change (tumor vs. matched normal) in mRNA expression level of MIP-1b exhibited a significant and direct correlation with one of the key invasive attribute viz. MMP-9, thereby confirming the clinical relevance of our findings. Although MIP-1b mRNA expression levels did not correlate well with survivals, patients with high expression exhibited poor survival. This could be attributed to the lower sample size. While MIP-1b is known to preferentially recruit T lymphocytes, dendritic cells and NK cells and in its capacity to act as a chemoattractant for cells of immune system, it could possibly elicit an antitumor response, 36 its role in cancer as a tumor-promoting agent is not documented so far. In addition, there have been no studies so far implicating MIP-1b in cancer cell invasion, particularly at such an early step as invadopodia formation. Our study for the first time highlights role of MIP1b as one of the earlier stages of cancer cell invasion and metastasis, particularly as an effector employed by TAMs. This was at variance with studies conducted by Luo et al., 36 wherein they emphasize antitumor property of MIP-1b. One possible explanation for this could be the fact that while their study relies on ectopic expression of MIP-1b with in tumor cells itself, our study is focused on extracellular MIP-1b primarily secreted by macrophages and thus acting via an altogether different mechanism involving cognate receptors.
With an aim to identify molecular determinants of invasion that are intrinsic to cancer cells, we used c-DNA microarray analysis to search for genes whose expression would correlate with cancer cell invasion, particularly in response to signals emanating from macrophages. The analysis identified MYO3A as a possible candidate gene involved in macrophage-assisted cancer cell invasion. Detailed investigations revealed that mRNA expression levels of MYO3A gene were characteristically responsive to MIP-1b function. Similarly, in 4T1/BALB/c mouse model of breast cancer, the neutralizing antibody-mediated functional blockade of MIP-1b resulted in diminished mRNA expression levels of MYO3A in 4T1/BALB/c tumor specimen, thereby corroborating the findings of in vitro studies. Furthermore, quantitative RT-PCR analysis of human breast cancer specimen and matched normal tissue also revealed a significant and direct association between MIP-1b and MYO3A. The characteristic MIP-1b responsive nature of MYO3A gene indicated that it could possibly be involved in macrophageassisted invadopodia formation and cancer cell invasion. The protein product of MYO3A gene is an unconventional myosin harboring a kinase domain N-terminal to the conserved motor domains. Expression of this gene is highly restricted, with the strongest expression in retina and cochlea. 15 While protein encoded by MYO3A plays an important role in hearing in humans, so far there are no reports linking it to breast cancer metastasis. On the contrary, the other members of myosin family are known to play pivotal role during cytoskeletol reorganization, which inturn is an important prerequisite for sucessful formation of functionaly intact invadopodia and commencement of mataststic transformation. For instance, MYO10, an unconventional myosin with MyTH4-FERM domains, is best known for its marked localization to the tips of filopodia and its ability to induce filopodia formation. 37 Our in vitro studies for the first time implicate MYO3A in cancer cell invasion and metastasis. In agreement with this, the fold change (tumor vs. matched normal) in mRNA expression level within human breast cancer specimen revealed a significant and direct association of MYO3A with MMP-9, one of the key molecular determinants for cancer cell invasion. Cancer cell invasion and distant metastasis is the leading cause for breast-cancer-related death. In accordance, higher MYO3A mRNA expression levels correlated with diminished survival among patients recruited in our study, thereby substantiating the clinical relevance of our findings and prognostic significance of this gene. What could be the possible mechanism by way of which MYO3A may promote cancer cell invasion? Owing to intrinsic ser/thr kinase activity, it could possibly be involved in phosphorylation of key structural protein instrumental in invadopodia biogenesis and ensuing cancer cell invasion. Considering that expression of MYO3A is highly restricted and its expression in response to stimuli that signals cell invasion, it appears plausible that MYO3A could be a molecular signature of cancer cell invasion and its expression could be a key event marking earlier stages of metastasis. An in-depth investigation in this direction to develop a clearer understanding may have significant implication, particularly during clinical management of breast cancer patients since it may lead to identification of MYO3A as a possible prognostic marker for tracking progression of breast cancer toward metastasis. A better understanding in this context will not only unravel the molecular intricacies underlying TAMs-assisted cancer cell invasion and metastasis, but may possibly also lead to identification of MIP-1b/MYO3A axis as a potential target for devising anti-metastasis strategy.
Material and methods

Antibodies and reagents
Recombinant human MIP-1b (271-BME/CF) and anti-human MIP-1b goat IgG polyclonal antibody (AB-271-NA) and antimouse MIP-1b goat IgG polyclonal antibody (AB-451-NA) were from R&D systems (USA). 
Cell culture, in vitro differentiation
Human leukemia monocyte THP-1 cells, human mammary cancer-derived cells (MCF-7 cells, MDA-MB-231 and MDA-MB-468 cells) were procured from ATCC. Cells were maintained in RPMI 1640 or DMEM, respectively, using standard mammalian cell culture methods. THP-1 cells were differentiated to macrophages using 30 hM Phorbol 12-myristate 13-acetate (PMA) according to Daigneault et al. 38 Differentiation was ascertained by evaluating the expression/appearance of macrophage specific markers viz. CD16 and myeloid cell leukemia sequence-1(Mcl-1) using RT-PCR (Fig. S15 A and B) and CD68 by flow cytometry (Fig. S15C) .
Flow cytometry analysis of M2 phenotype-specific marker was also assessed using anti-Human CD206 FITC conjugated antibody (Fig. S16) .
Animals
All procedures with mice were done under an Institutional Animal Care and Use Committee-approved protocol (#IAEC/ 2013/44). Female BALB/c mice of 8-weeks age were procured from institutional laboratory animal facility. Mice were housed in polypropylene cages in a group of 5/cage. They were maintained on pellet diet, water ad libitum, and regular alternate cycles of 12 h light and darkness. Prior to tumor initiation, animals were acclimatized for 7 d.
ECM degradation assay
2 £ 10 4 cancer cells (MCF-7, MDA-MB-231 and MDA-MB-468) were seeded on sterile 10-mm round glass coverslips coated with Alexa fluor 633 conjugated gelatin according to Artym et al. 39 Simultaneously, the 0.4 mm PET hanging transwell cell culture insert housing 2 £ 10 4 THP-1-derived macrophages were introduced into the wells seeded with cancer cells. These co-cultures were incubated for 3 h, 6 h and 24 h under standard cell culture environment. Thereafter, inserts were removed, cancer cells growing on coverslips were fixed using paraformaldehyde/5% sucrose (pH7.2) for 20 min at 37 C, permeabilized with triton-x100 for 5 min and probed for F-actin using Alexa flour 488 conjugated Phalloidin for 30 min at room temperature in dark. Thereafter, cancer cells were mounted in Prolong Gold Antifade Mountant with DAPI (Invitrogen, US) and visualized in LSM510 META confocal laser scanning microscope (Carl Zeiss) with 63X, 1.4 oil-emersion objectives. The extent of ECM degradation was quantified by counting dark areas of degraded fluorescent matrix underneath that cell in three replica sets.
Cortactin localization/expression
2 £ 10 4 cancer cells and 2 £10 4 THP-1-derived macrophages were co-cultured for varying time periods (3 h, 6 h and 24 h) as described above. After designated duration, cancer cells were fixed using paraformaldehyde/5% sucrose (pH7.2) for 20 min at 37 C, permeabilized with triton-x 100 for 5 min and probed for cortactin using Alexa fluor 555 conjugated anti-cortactin antibody. F-actin was probed using Alexa flour 488 conjugated Phalloidin for 30 min at room temperature in dark. Thereafter, cancer cells were mounted in Prolong Gold Antifade Mountant with DAPI (Invitrogen, US) and visualized in LSM510 META confocal laser scanning microscope (Carl Zeiss) with 63X, 1.4 oil-emersion objectives.
Cell invasion assay
For assessing invasive potential, the 2 £ 10 4 cancer cells were seeded onto matrigel-coated 8 mm standing PCF transwell cell culture inserts. These inserts were introduced into standard 12-well cell culture plates. Thereafter, 2 £ 10 4 THP-1-derived macrophages housed in 0.4 mm PET hanging cell culture insert were introduced into 8 mm PCF standing cell culture insert harboring cancer cells. The co-cultures were incubated for 3 h, 6 h, and 24 h under standard cell culture environment (5% CO 2 , 37 C). After 3 h, 6 h and 24 h, the 8 mm PCF inserts harboring cancer cells were collected, the non-invaded cells at the top side were wiped off using sterile cotton swabs. Invaded cells adhered to the underside of matrigel-coated membrane were fixed and mounted in DAPI mounting media (nuclear stain) for qualitative visualization of invasion using Leica DCF450C fluorescence microscope. The quantification was carried out in five different fields of three replica sets.
Chemokines/cytokines profiling of cell culture supernatant 80 different cytokines (Fig. S17) were detected for their presence in culture supernatant of breast cancer cells co-cultured with and without macrophages using antibody-based human cytokine array (Ray Biotech, USA) according to manufacturer's protocol. The results obtained with antibody-based cytokine array were further validated using quantitative RT-PCR assay.
Protein gel blotting
Total proteins were extracted from cells using radio immunoprecipitation assay (RIPA) buffer containing protease and phosphatase inhibitors (1 mM phenylmethylsulfonyl fluoride, 10 mg/mL aprotinin, and 10 mg/mL leupeptin, 10 mM sodium orthovanadate). Protein content in the supernatants was determined using Lowry's Folin method, 40 and separated on sodium dodecyl sulfate-12% polyacrylamide gel electrophoresis. Blots were incubated with corresponding primary and HRP-conjugated secondary antibodies. Peroxidase activity was analyzed with the ECL chemiluminescence substrate system (USA).
Microarray analysis
Total RNA and cRNA purification was done using the Qiagen RNeasy kit. The concentration and purity of the RNA extracted were evaluated using the Nanodrop Spectrophotometer (Thermo Scientific; 1000). The integrity of the extracted RNA was analyzed on the Bioanalyzer (Agilent; 2100). The samples for gene expression were labeled using Agilent Quick-Amp labeling Kit. 500 ng each of control and experimental total RNA were reverse transcribed at 40 C using oligo dT primer tagged to a T7 polymerase promoter and converted to doublestranded cDNA. Synthesized double-stranded cDNA were used as template for cRNA generation. cRNA was generated by in vitro transcription and the dye Cy3 CTP(Agilent) was incorporated during this step. Hybridization was done using the Gene Expression Hybridization kit of (Agilent Technologies, In situ Hybridization kit). Data was normalized and analyzed using GeneSpring GX version 11.5 and Microsoft Excel 2007. Detailed experimental analysis is given in Fig. S18 .
Real-time PCR
Total RNA was isolated with TRI reagent (Molecular Research Center), and cDNA was obtained from 2 mg of total RNA using High Capacity cDNA Reverse Transcription Kit. Quantitative PCR was performed on a Light Cycler 480 System (Roche) 96-well plates using SYBR Green qPCR Master Mix in accordance with manufacturer's protocol. Data were analyzed using the Roche Light Cycler 480 software (Version 1.5). Cp and Ct were calculated by the Second Derivate Maximum Method. The amount of the target mRNA was examined and normalized to the b-actin gene mRNA. The relative expression ratio of a target gene was calculated as described by Pfaffi. 41 Results represent data from three separate experiments. Forward and reverse primer sequence is given in Fig. S19 .
Short interfering RNA (siRNA) and transfections
All siRNA experiments were carried out using prevalidated pool of siRNA using Lipofectamine LTX (2000) reagent according to manufacturer's instruction. Sense and antisense sequences of scrambled and targeted siRNAs is presented in Fig. S20 .
Chick chorioallantoic membrane assay
To detect in vivo metastasis, chick chorioallantoic membrane (CAM) assay was carried out according to Wilson et al. 42 Fertilized chick eggs were purchased from ChakGajariya Poultry farm house, Lucknow, India and transported in an insulated carrier to laboratory. Prior to initiation of the experiment, cancer cells were labeled with Qtracker 525 nanocrystals. Q-tracker cell labeling technique allows for loading the cells grown in culture with highly fluorescent Q-dot nanocrystals, so that these cells may be traced. Once inside the cells, Q-tracker labels provide intense stable fluorescence that can be traced through several generations, and are not transferred to adjacent cells in a population. Optimal number (2 £ 10 6 ) of MCF-7/MDA-MB-231 cells that were previously labeled with Q-tracker 525 and then pre-incubated with macrophages in absence or presence of anti-human MIP-1b goat IgG polyclonal antibody 5 ug/mL were grafted onto chorioallantoic membrane through a window cut into the eggshell. Thereafter, the egg windows were sealed. Breast cancer cells that were pre-incubated with macrophages in presence of isotype control antibody (5 ug/mL) and monocultured cancer cells treated in a similar manner served as technical control and mock control, respectively. The eggs harboring Q-dot labeled cancer cells were incubated for 3 d. At day 4th post grafting, MIP-1b-neutralizing antibody (5 ug/mL), isotype control antibody (5 ug/mL) and sterile PBS were re-applied locally at the respective graft sites. Thereafter, at day 8th post grafting, chick embryo was harvested by cutting through the eggshell. Vital organs were dissected out and examined under Leica M205FA stereo zoom fluorescence microscope for presence of fluorescent label.
In vivo tumor experiments
In vivo effect of MIP-1b functional neutralization on breast cancer metastasis 4T1/BALB/c tumors were initiated by injecting 1 £ 10 6 viable 4T1 cells subcutaneously in the pre-shaved skin of the back of the BALB/c mice. After two days, the animals were boosted by injecting another 1 £ 10 6 viable 4T1 cells at the initial injection site. The growth of tumor was monitored throughout the experiment with tumor size being measured daily using Vernier calipers and represented in terms of tumor volume [D4/3p £ (Long axis/2) £ (Short axis/2)]. After the tumor attained a size of 8-10 mm 3 , the tumor bearing mice were randomized into three groups based on tumor volume with each group comprising of 10 mice/ group. After observing tumor volume for 4 d, mice were treated with anti-mouse MIP-1b goat IgG polyclonal antibody and isotype control antibody at tumor site on day 0, 3 and 6 at the dose of 5 ug/mice. An additional group receiving equal amount of vehicle (PBS) served as control. An additional group of five mice each, wherein 4T1 cells were not grafted, was maintained under similar conditions to serve as mock control. At the end of experiment i.e., at day 9th, animals (5 mice/group) were euthanatized under anesthesia and tumor was excised. The remaining 5 animals/ group were continued with the treatment upto day 26th for evaluating lung and liver metastasis. After euthanasia, tumor specimen, lungs and liver were collected. The samples were visualized and photographed using Leica M205FA stereo zoom microscope and processed further for PCR and/or H&E staining.
In vivo effect of MYO3A knockdown on breast cancer metastasis 4T1/BALB/c tumors were initiated by injecting 1 £ 10 6 viable 4T1 cells subcutaneously in the pre-shaved skin of the back of the BALB/c mice. After two days, the animals were boosted by injecting another 1 £ 10 6 viable 4T1 cells at the initial injection site. After the tumor attained a size of 8-10 mm 3 , the tumorbearing mice were randomized into two groups (5 mice/group). After observing tumor volume for further 4 d, one group of mice was injected intratumorally with MYO3A-directed shRNA suspended in Avalanche in vivo transfection reagent (three times a week at the dose of 10 ug nucleic acid in 2 uL reagent in 50 uL of 5% glucose solution/mice). The other group receiving equal amount of scrambled shRNA served as control. An additional group of five mice each, wherein 4T1 cells were not grafted, was maintained under similar conditions to serve as mock control. At the end of experiment i.e. at day 26, animals (5 mice/group) were euthanatized under anesthesia and tumor was excised and evaluation of lung and liver metastasis was
